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***•“***  •"**  •*••*•'’8  procedures  to  preserve  hurnen  red  cells!  Fectors 
^ the  quelity  of  the  red  blood  cells  ere:  pre-freeze  storege  at  4*C,  composition 

^ rejuvenatiort  solutions,  freezing  methods,  washing  methods,  and  the  length  of 
poetihaw  storage  at  4*C  In  sodium  chloride-glucose-phosphate.  * 
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rejuvenation.  Red  calls  that  were  stored  in  CPD  at  4°C  for  3 to  5 days  and 
rejuvenated  with  a solution  containing  pyruvate,  inosine,  glucose,  phosphate, 
and  adenine  (PIQPA,  Solution  A)  before  freeze-preservation  are  referred  to  as 
/ndafed-re/uvenated  frozen  red  cells  (Valeri,  1974b).  Red  cells  that  were  stored 
in  ACD  at  4°C  for  as  long  as  35  days  and  rejuvenated  with  the  PIGPA  (Solution 
A)  before  freeze-preservation  are  referred  to  as  outdated-rsluvenated  frozen  red 
cells  (Valeri  and  Zaroulls,  1972a,b).  The  additives  used  in  the  rejuvenation  pro- 
cedure are  potentially  toxic,  but  since  they  are  removed  during  postthaw  washing, 
they  present  no  cause  for  concern.  Both  non-rejuvenated  and  rejuvenated  red  cells 
can  be  freeze-presecved  with  either  20%  W/V  glycerol  and  storage  at  -150°C 
using  liquid  nitrogen,  or  with  40%  W/V  glycerol  and  storage  at  -80°C  using 
mechanical  refrigeration.  After  thawing  and  washing  red  cells  are  therapeutically 
effective  and  they  can  be  stored  at  4°C  in  a sodium  chloride-glucose-phosphate 
solution  for  at  least  3 days  before  transfusion  without  deterioration  (Pig  1) 
(Valeri  and  Zarouiis,  1972a,b;  Valeri,  1974a). 

This  paper  reports  simple  methods  to  add  glycerol  to  non-reJuvenated  and 
rejuvenated  red  cells  in  order  to  achieve  final  concentrations  of  20%  W/V  and 
40%  W/V  glycerol.  The  glycerol  can  be  removed  from  the  thawed  red  cells  by 
washing  with  sodium  chloride  solutions  in  any  one  of  three  commercially 
available  systems. 

MATERIALS  AND  METHODS 

Red  Cell  Collection  and  Storage  At  4°C  Prior  to  Glycerolizatlon  and  Freon- 
Preservation 

From  each  healthy  volunteer  approximately  450  ml  of  blood  was  collected 
In  a double  or  triple  blood  pack  plastic  bag  (1)  containing  63  ml  of  citrate- 
phosphate-dextrose  (CPD)  or  67.5  ml  of  acid-citrate-dextrose  (ACD).  The  blood 
was  centrifuged  at  4500  X g for  3 minutes  at  22°C  in  a Sorvall  RC-3  centrifuge  (2), 
and  the  platelet-rich  plasma  was  expressed  into  a transfer  pack.  Platelet-poor 
plasma  and  cryoprecipitate  were  prepared,  and  platelet  concentrates  were 
prepared  for  liquid  and  freeze-preservation.  The  blood  was  kept  at  room  tem- 
perature for  as  long  as  4 hours  while  the  components  were  being  prepared.  Some 
of  the  red  cells  were  concentrated  to  hematocrits  of  about  70  V%  and  were  stored 
in  the  liquid  state  for  3 to  5 days  at  4°C.  Other  units  were  prepared  tor  glycero- 
llzation  at  room  temperature  (22°C)  at  3000  X g for  7 minutes  in  a PR-6  centri- 
fuge; (3)  all  the  visible  plasma  was  removed  to, obtain  red  cell  concentrates  with 
hematocrits  of  about  90  V%. 

Still  other  units  were  stored  at  4°C  for  as  little  as  3 days  or  as  long  as  35 
days  before  Incubation  at  37°C  for  1 hour  with  a rejuvenation  solution  (vide  infra) 
prior  to  glycerollzation  and  freezing.  Rejuvenation  was  performed  in  the  following 
manner:  After  the  concentrated  red  ceils  had  been  stored  at  in  CPD  for  3 
to  5 days  (indated  red  ceils)  or  in  ACD  or  CPD  at  4°C  for  22  to  35  days  (outdated 
red  cells),  a 50  ml  volume  of  a rejuvenation  solution  was  added  to  each  unit.  The 
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High  OMyciol  Rad  Calto 

Rad  cad  concentrates  ware  placed  in  a modified  Eberbach  shaker  (4)  (2- 
speed  power  unit)  capable  of  holding  8 units  of  concentrated  red  cells  in  a 
horizontal  position.  Each  plastic  bag  was  secured  to  prevent  slippage  during 
agitation.  With  an  AE-7Y  connector  set  (1),  a volume  of  the  6.2  M glycerol  solution 
containing  per  100  ml:  57.1  g glycerol,  0.03  g potassium  chloride,  0.04  g magnesium 
chloride,  1.6  g sodium  lactate,  and  0.08  g disodium  phosphate,  adjusted  to  pH 
6.8,  was  added  to  the  concentrated  red  cells.  Table  1 shows  the  initial  and  total 
volume  of  the  6.2  M glycerol  solution  that  was  required  to  achieve  a final  glycerol 
concentration  of  about  40%  W/V.  The  non-ra/uvenafed  red  call  concentrates  ware 
stored  for  about  2 hours  at  room  temperature  prior  to  glycerolization.  The 
rejuvenated  rad  call  corrcentrataa  were  kept  for  about  2 hours  at  room  tempera* 
turs,  and  then  for  1 hour  at  37°C  prior  to  glycerolization.  The  glycerol  solution 
either  was  kept  at  room  temperature  (22°  to  2S°C)  or  was  warmed  to  37°C  prior 
to  use.  The  initial  volume  of  glycerol  solution  was  added  to  each  red  cell  con- 
centrate In  about  2 minutes  using  the  modified  shaker  set  at  a low  speed  (about 
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rejuvenation  solution  contained  per  liter  9 g of  sodium  chloride,  50  mmol 
pyruvate,  50  mmol  inosine,  100  mmol  glucose,  50  mmol  phosphate,  and  5 mmol 
adenine,  with  the  pH  adjusted  to  7.2  (PIGPA,  Solution  A).  Using  an  AE-7  con- 
nector (1),  a 50  ml  aliquot  of  the  rejuvenation  solution  was  added  aseptically  to 
the  red  cell  concentrates  of  70  V%.  Each  unit  of  blood  was  then  placed  in  a 
water-tight  plastic  envelope  and  incubated  at  37°C  with  agitation  for  1 hour. 
The  rad  cells  were  concentrated  by  centrifugation,  the  supernatant  fluid  was 
removed,  and  the  glycerol  was  added  to  the  red  cell  concentrates  with  hematocrits 
of90V%. 


THE  WEIGHT  OF  CONCENTRATED  RED  CELLS  WITH  HEMATOCRITS 
OF  ABOUT  90  V%  WAS  MATCHED  TO  THE  VOLUME  OF  THE 
6.2  M GLYCEROL  SOLUTION  USING  NOMOGRAM 


TABLE  1 


WMghi  ot  Concantrawd 
Rad  Calls  writh  Hamato- 
crltt  of  about  90  V% 
(gml 


Initial  Voluma  of 
Glycarol 
Solution  addad 
(ml) 


Total  Voluma  of 
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Solution  addad 
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150-200  cycle*  per  minute).  The  glycerol-red  cell  mixture  was  stored  at  room 
temperature  for  about  10  minutes,  during  which  time  It  was  transferred  to  a 
biortented  polyolefin  plastic  bag.  (5)  After  10  minutes  the  remainder  of  the 
glycerol  solution  (Table  1)  was  added  to  the  red  cell-glycerol  mixture  with  manual 
agitation.  The  plastic  bag  was  placed  In  a special  freezing  frame  (4)  and  stored 
in  a -00°C  mechanical  freezer. 

Low  Qlyeerol  Red  Cells 

Using  the  modified  shaker,  red  cells  were  giycerolized  to  a final  concen- 
tration of  about  20%  W/V  by  the  addition  of  a solution  containing  per  100  ml; 
35.0  g glycerol,  2.88  g mannitol,  and  0.65  g sodium  chloride,  equal  to  the  weight 
of  the  red  cell  concentrate  with  a hematocrit  of  about  90  V%.  The  non-reluvenat»d 
red  ceil  concentrates  were  stored  for  about  2 hours  at  room  temperature  prior  to 
glycerolization.  The  re/uvenaf*d  red  cell  concentrates  were  stored  for  about 
2 hours  at  room  temperature  and  then  for  1 hour  at  37°C  prior  to  glycerolization. 
The  glycerol  solution  either  was  kept  at  room  temperature  or  was  warmed  to 
370c  prior  to  us*.  The  glycerol  was  added  with  lateral  agitation  of  about  150-200 
cycles  per  minute,  and  the  red  cells  were  placed  in  a bioriented  polyolefin 
plastic  bag  (5)  and  stored  in  either  aluminum  or  anodized  containers.  After  rapid 
freezing  by  direct  immersion  in  liquid  nitrogen  (-197°C),  they  were  stored  in  the 
gas  phase  of  liquid  nitrogen  at  -150°C. 

Thawing,  Washing,  and  Postthaw  Storage  At  4°C 

The  40%  W/V  giycerolized  freeze-preserved  red  cells  wore  thawed  within 
10  minutes  at  37°C  with  mechanical  agitation  of  the  water.  The  thawed  red  cells 
were  washed  in  on*  of  the  following  ways:  (1)  by  continuous-flow  washing  in 
the  non-automated  Hasmonetics  Blood  Processor  15  (6)  using  disposable  rigid 
polycarbonate  bowls  and  a bypass  harness  to  connect  the  wash  solutions  to  the 
washing  bowl;  (2)  by  continuous-flow  washing  in  the  automated  Fenwal  Elutra- 
matic  System  (1);  or  (3)  by  automated  serial  centrifugation  in  the  IBM  Blood 
Processor  (7).  All  of  these  washing  systems  utilize  sodium  chloride  solutions. 
The  40%  W/V  giycerolized  red  cells  were  washed  with  the  following  solutions: 
150  ml  12  g%  sodium  chloride  buffered  to  about  7.2  with  0.15  g%  disodium 
phosphate;  1 or  2 # 1.6  g%  sodium  chlorld*  solution  containing  0.03  g%  disodium 
phosphate  adjusted  to  about  pH  7.2;  and  1 t 0.9  g%  sodium  chloride  solution 
containing  0.2  o%  glucose  buffered  with  0.065  g%  disodium  phosphate  to  a pH 
of  about  6.8. 

The  20%  W/V  giycerolized  freeze-preserved  red  cells  were  thawed  within 
6 minutes  at  42°C  with  manual  agitation  of  the  unit  of  blood  In  the  water  bath, 
and  were  washed  as  described  above.  These  low  glycerol  red  cells  were  washed 
with  the  following  solutions;  500  ml  3.2  g%  sodium  chloride  solution  buffered 
to  about  7.2  with  0.065  g%  disodium  phosphate,  and  1 or  2 / 0.9  g%  sodium 
chlorld*  solution  containing  0.2  g%  glucose  buffered  with  0.065  g%  disodium 
phosphate  to  a pH  of  about  6.8. 
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FMiwal  ElHtnuiMUc  Sjrsiwn 

Both  high  and  low  glycarol  rad  calla  can  be  waahed  In  thia  aystam.  Two 
unite  of  either  40%  W/V  or  20%  W/V  glycerolized  rod  cella  can  be  waahed  at  one 
time  uaing  diapoaable  polyvinyl  chloride  collapaible  plaatic  baga.  A programmer 
module  was  attached  to  an  RC^  Sorvall  centrifuge,  and  the  diluted  glycerolized 
rod  cella  and  the  waah  aolutions  were  delivered  into  the  washing  bags.  It  takes 
about  10  minutes  to  set  up  the  elutrapack  (1)  and  the  solutions  in  the.washer. 
The  elutrapack  waa  used  with  2 Y-sets.  Prior  to  connection  to  the  elutrapack, 
the  40%  W/V  glycerolized  red  cells  were  diluted  with  ISO  ml  12  g%  sodium 
chloride  solution  and  equilibrated  at  room  temperature  for  at  least  2 minutes. 


The  thawed  red  cells  containing  20%  W/V  glycerol  were  diluted  with  500  ml 
3.2  g%  sodium  chloride  solution.  The  diluted  red  cells  were  added  to  the 
spinning  disposable  polycarbonate  plastic  bowl,  and  when  the  supernatant  fluid 
was  displaced  into  the  waste  receptable,  the  residual  diluted  blood  was  added 
together  with  2 / 0.9  g%  sodium  chloride  solution  containing  200  mg%  glucose 
and  0.065  g%  disodium  phosphate  buffered  to  a pH  of  about  6.8.  The  red  cells 
were  washed  with  24  / of  wash  solution  by  gravity  flow  in  a diapoaable  poly- 
carbonate rigid  bowl  which  was  spun  at  4800  rpm  for  about  IS  minutes  at  room 
temperature.  The  flow  rate  was  about  200  ml  per  minute.  After  washing,  the  red 
cells  had  hematocrits  of  about  40  V%  and  were  stored  In  a sodium' chloride- 
glucose-phosphate  solution  for  at  least  24  hours. 


Only  two  units  of  high  or  low  glycerol  red  cells  of  the  same  ABO  and  Rh 
blood  t]^  were  waahed  in  each  400  ml  volunM  diapoaable  bowl.  Before  trans- 
fuaion  the  rad  cella  were  concentrated  by  centrifugation  and  the  hematocrit  was 
adjusted  to  about  90  V%  by  removal  of  all  the  viaible  supernatant  solution. 


HaemeneMca  Blood  Processor  15 

This  continuous-flow  centrifugation  system  was  not  used  with  a programmer. 
The  wash  solutions  were  delivered  by  gravity  flow  into  a disposable  rigid  poly- 
carbonate bowl.  It  takes  about  3 minutes  to  set  up  the  bowl,  the  bypass  harness, 
and  the  solutions.  One  hanger  was  39% " from  the  base  of  the  pole,  another 
was  32% " from  the  base,  and  the  third  was  17"  from  the  base.  The  topmost 
hanger  held  the  thawed  blood,  the  middle  hanger  held  the  150  ml  12  g% 
sodium  chloride  solution  and  2/1,6  o%  sodium  chloride,  and  the  bottom  hanger 
held  the  1 / 0.9  g%  sodium  chloride-glucose-phosphate  solution.  After  thawing, 
the  high  glycerol  red  cells  were  diluted  with  150  ml  12  g%  sodium  chloride 
solution  and  equilibrated  at  room  temperature  for  at  least  2 minutes.  Using  the 
bypass  harness,  these  diluted  red  cells  were  delivered  simultaneously  with  2 / 
1.6  g%  sodium  chloride  solution  into  the  disposable  bowl  which  was  spun  at  4800 
rpm  at  room  temperature,  followed  by  the  addition  of  1 / sodium  chloride- 
glucose-phosphate  solution.  The  flow  rate  of  the  diluted  blood  and  the  3.2  / 
sodium  chloride  solution  was  approximately  200  ml  per  minute.  Washing  was 
perfomri^  at  room  temperature  in  about  20  minutes.  The  washed  red  cells  had 
hematocrit  values  of  about  40  V%,  and  the  final  wash  solution  served  as  the 
resuspension  medium  in  which  to  store  the  washed  red  ceils  at  4°C  for  at 
least  24  hours  before  transfusion. 
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They  ware  than  diluted  with  SOO  ml  1.6  g%  todlum  chloride  solution.  The  diluted 
rod  cells  were  connected  to  one  segment  of  the  Y-set,  and  1 / of  1.6  g% 
sodium  chloride  solution  was  connected  to  the  other.  By  pulsating  flow  of  about 
500  ml  per  minute,  the  diluted  blood  was  delivered  into  the  collapsible  poly- 
carbonate bags  whose  volume  was  about  600  ml.  The  spillage  of  the  red  cells 
from  both  begs  started  the  centrifuge  to  accelerate  to  a speed  of  3100  rpm  at  a 
temperature  of  22°  to  2S°C.  The  centrifuge  spun  for  about  20  seconds  with  no 
flow  of  the  fluid  through  the  seal,  during  which  time  the  centrifuge  speed 
accelerated  from  0 to  1600  rpm.  The  fluid  was  then  pumped  through  the  rotating 
seal.  After  sedimentation  of  the  red  calls  within  the  washing  bag,  pulsatile  flow 
was  resumed  and  the  remainder  of  the  diluted  glycerolized  red  cells  was  trans- 
ferred into  the  washing  beg  together  with  the  1.6  g%  sodium  chloride  solution 
. at  a flow  rate  of  about  110  ml  per  minute.  The  diluted  red  cells  and  the  1.6  g% 
sodium  chloride  solution  were  delivered,  and  by  setting  the  timer  for  12  minutes 
all  of  the  red  cells  were  recovered.  The  containers  of  diluted  blood  and  of  1.6  g% 
sodium  chloride  solutions  were  adjusted  to  a height  that  would  permit  simul- 
taneous delivery  of  all  of  the  diluted  blood  and  about  200-300  ml  1.6  g%  sodium 
chloride  solution  within  9 minutes,  and  then  delivery  of  250-300  ml  1.6  g% 
sodium  chloride  solution  into  the  washing  bag  with  the  final  3 minutes.  After  all 
of  the  red  cells  and  most  of  the  1.6  g%  sodium  chloride  solution  had  been  added, 
1 t 0.0  g%  sodium  chloride-glucose-phosphate  solution  was  added  by  switching 
to  the  second  timer  for  an  6-mlnute  period.  Two  units  of  red  cells  containing 
40%  W/V  glycerol  were  washed  at  the  same  time;  each  unit  required  a total  of 
about  2.7  t sodium  chloride  solution.  The  washed  red  cells  can  be  concentrated 
by  centrifugation  at  3100  rpm  for  2 minutes,  and  after  the  supernatant  fluid  is 
removed,  the  concentrated  red  cells  are  transferred  into  the  administration  bag. 
Alternatively,  the  washed  red  cells  with  hematocrits  of  about  40  V%  can  be 
transferred  at  a flow  rate  of  500  ml  per  minute  into  the  administration  bag  and 
stored  at  4oC  for  at  least  24  hours,  at  which  time  they  can  be  centrifuged,  the 
supernatant  fluid  removed,  and  the  hematocrit  value  adjusted  to  about  90  V%. 

The  thawed  20%  W/V  glycerolized  red  cells  were  washed  with  750  ml  3.2  g% 
sodium  chloride  solution,  and  1 / sodium  chloride-glucose-phosphate  solution. 
First  they  were  diluted  with  250  ml  3.2  g%  sodium  chloride  solution,  after  which 
the  diluted  red  cells  and  500  ml  3.2  g%  sodium  chloride  solution  were  connected 
by  a Y-set  to  the  elutrapack  washing  system.  The  diluted  red  cells  were  pumped  at 
a flow  rate  of  about  500  ml  per  minute  into  the  washing  bags,  and  when  the  bags 
were  full  the  red  ceils  spilled  through  the  effluent  tubes  and  triggered  the  centri- 
fuge to  spin  while  the  pump  was  stopped.  The  centrifuge  spun  for  about  20  seconds 
and  the  rad  cells  were  sedimented,  The  pulsatile  flow  was  resumed,  and  the  resi- 
dual diluted  blood  together  with  the  500  ml  3.2  g%  sodium  chloride  solution  were 
pumped  Into  the  washing  beg  at  a flow  rate  of  about  110  ml  per  minute.  With 
the  timer  set  at  5 minutes,  all  of  the  diluted  red  cells  and  most  of  the  sodium 
chloride  solution  was  delivered  Into  the  washing  bag.  One  / 0.9  g%  sodium 
chloride  solution  containing  200  mg%  glucose  and  0.065  g%  dIsodium  phosphate 
buftared  to  pH  6.6  was  then  added  by  switching  to  the  second  timer  that  con- 
trolled the  pulsatile  pump  for  6 minutee.  The  washed  rad  cells  can  be  concentrated 
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by  centrifugation  at  3100  rpm  for  2 minutes,  and  after  the  supernatant  fluid  is 
removed,  the  concentrated  red  cells  are  transferred  into  the  administration  bag 
at  a flow  rate  of  about  500  ml  per  minute.  Alternatively,  the  washed  red  cells  with 
hematocrits  of  about  40  V%  can  be  transferred  at  a flow  rate  of  about  500  ml 
per  minute  Into  the  administration  bag  and  stored  at  4°C  for  at  least  24  hours, 
and  before  transfusion  concentrated  to  hematocrits  of  about  90  V%. 

IBM  Blood  Processor 

Both  high  and  low  glycerol  red  cells  can  be  washed  in  the  IBM  Blood 
Processor  using  automated  serial  centrifugation.  It  takes  about  5 minutes  to 
set  up  the  washing  harness  and  the  wash  solutions.  The  40%  W/V  glycerolized 
rad  cells  were  diluted  with  150  ml  12  g%  sodium  chloride  solution  and  equilibrated 
at  room  temperature  for  at  least  2 minutes,  and  then  diluted  with  500  ml  1.6  g% 
sodium  chloride  solution.  With  the  programnter,  the  centrifuge  speed  was  set  at 
3000  rpm.  Approximately  one-half  of  the  volume  of  diluted  red  cells  was  added 
to  the  washing  bag,  and  the  red  ceils  were  sedimented  for  21^  minutes.  When 
the  centrifuge  stopped,  the  supernatant  was  decanted.  The  rate  of  supernatant 
decantation  was  set  at  350  ml  per  minute,  the  rate  of  pump  restoration  at  350  ml 
per  minute,  and  the  supernatant  volume  was  adjusted  to  600  ml.  With  to-and-fro 
agitation  the  remainder  of  the  diluted  red  cells  was  added  to  the  650  ml  volume 
polyvinyl  chloride  plastic  washing  bag.  The  centrifuge  was  spun  at  3000  rpm  for 
2%  minutes,  and  when  it  stopped  the  supernatant  was  decanted.  With  to-and-fro 
agitation  500  ml  1.6  g%  sodium  chloride  solution  was  added  together  with  the 
residual  diluted  blood  when  present.  The  centrifuge  was  spun  at  3000  rpm  for 
1%  minutes,  and  when  it  stopped  the  supernatant  was  decanted.  After  this 
approximately  500  ml  0.9  g%  sodium  chloride  solution  was  added  with  agitation, 
and  the  supernatant  was  decanted  on  two  separate  occasions.  The  final  hema- 
tocrit of  the  washed  unit  was  adjusted  to  about  40  V%.  After  washing,  which 
took  about  20  minutes,  the  red  cells  were  transferred  into  a transfer  pack  and 
stored  at  4°C  for  at  least  24  hours.  At  the  time  of  transfusion  they  were  con- 
centrated by  centrifugation,  the  supernatant  fluid  was  removed,  and  the  hematocrit 
was  adjusted  to  about  90  V%. 

The  same  setting  on  the  programmer  was  used  to  wash  the  low  glycerol 
red  cells.  The  thawed  red  cells  were  diluted  with  500  ml  3.2  g%  sodium  chloride 
solution,  and  were  added  to  the  washing  bag  in  two  parts.  They  were  washed  on 
two  separate  occasions  with  500  ml  0.9  g%  sodium  chloride-glucose-phosphate 
solution. 

BaelsrIologJe  Studies 

Cultures  of  0.5  ml  aliquots  were  made  on  blood  agar  and  in  peptone  broth 
before  glycerolization,  after  thawing  and  washing,  and  after  storage  at  4°C 
for  up  to  7 days;  these  were  incubated  at  37°C  for  at  least  one  week. 
Meaaurements  In  VHre  of  Washed,  Freeze-Preserved  Red  Cells 

Recovery  In  vitro  (%)  of  the  freeze-preserved  red  cells  was  measured  after 
thawing,  and  after  washing  (Valeri  et  al,  1970).  Supernatant  hemoglobin  con- 
centrations (mg  per  100  ml)  and  total  amounts  of  supernatant  hemoglobin  (mg 
per  unit)  were  measured  upon  thawing  and  after  washing  and  during  postthaw 
storage  at  4°C  as  previously  described  (Valeri  et  al,  1970).  Osmolality  of  the 
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resuapansion  medium  was  measured  in  milliosmoles  per  kg  of  water  in  an 
osmometer  (8).  The  amount  of  iisi  aibumin  that  was  removed  during  washing 
was  measured.  Red  ceii  potassium  and  extracetiuiar  potassium  were  measured 
as  previousty  described  (Valeri  et  al,  1970). 

Bleehemical  Measurements  and  Oxyhemoglobin  Dissociation  Curve 

Red  cell  2^0PQ  and  ATP  levels  were  determined  as  previously  described. 
Whole  blood  lactate  was  measured  spectrophotometrically  (Valeri  and  Fortier, 
1969).  Uric  acid,  phosphorus,  and  creatinine  levels  were  determined  in  the 
AutoAnalyzer  (KramI,  1966;  Hawks  et  al,  1954),  and  inosine  and  hypoxanthine 
levels  by  a modification  of  the  enzymatic  method  of  Kaickar  (1947).  Qiycerol  was 
also  measured  in  the  AutoAnalyzer  by  a chromotropic  acid  procedure  both  after 
thawing  and  after  washing  (Runck  and  Valeri,  1972). 

The  oxyhemoglobin  dissociation  curve  was  determined  at  37°C  by  the 
Bellingham  and  Huehns  procedure  (1969)  with  the  use  of  a diluted  washed  red 
cell  suspension  (1  volume  red  cells  to  70  volumes  0.9  g per  100  ml  sodium 
chloride  buffered  to  pH  7.2  with  0.100  g per  100  ml  disodium  phosphate),  and  the 
P|0  value  is  reported.  The  carboxyhemoglobin  level  was  measured  spectrophoto- 
metrically (9). 

Blood  pH  was  measured  at  22°C  and  at  37°C  in  a pH/gas  analyzer.  Red  cell 
pH  was  measured  at  37°C  by  the  procedure  of  Hilpert  and  associates  (1963). 

Survival  In  Vivo  of  Rejuvenated  and  Non-Rejuvenated  Freeze-Preserved  Washed 
Red  Cells 

The  recipients  were  patients  who  required  treatment  of  deficits  in  their  red 
cell  masses  caused  by  traumatic  injuries,  neoplastic  disorders,  or  other  diseases. 
Some  received  as  few  as  2 and  others  as  many  as  6 units  of  either  rejuvenated 
or  non-rejuvenated  freeze-preserved  washed  red  cells.  The  compatibility  of  donor 
red  cells  was  tested  by  saline,  albumin,  and  antiglobulin  procedures. 


WASHING 

LjOSS 


POST-TRANSFUSION 

LOSS 

(of  non-vloble  cells) 


noum  8 

The  index  of  therapeutic  effectiveness  (ITE)  isprssei 
In  the  rscipieni's  cIrculaMon  24  hours  after  transfusion. 


a.  Advanced  Instrumenta,  Inc.,  Needham,  Mass. 

S.  Co-oxImeter,  Model  182,  Instrumentation  laboratories,  Lexington,  Mass. 
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The  recipient's  red  ceil  mass  was  measured  immediately  before  transfusion 
with  the  use  of  5 or  1t)^Ci  of  labeled  sodium  chromate  (Na2SlCr04)  as  described 
previously  (Valeri  et  al.  1970).  A sample  of  the  recipient's  blood  was  collected 
before  transfusion  for  measurement  in  the  AutoAnalyzer  as  a guide  in  estimating 
the  percentage  of  'unremoved'  recipient  red  cells  in  the  circulation.  Subsequent 
samples  were  collected  immediately  after  the  transfusion,  4 hours  after  trans- 
fusion, and  1,  2,  and  3 days  later,  and  in  some  cases  at  weekly  intervals  there- 
after. The  percentage  survival  of  the  donor  red  cells  was  determined  using  an 
automated  differential  agglutination  procedure.  Survival  values  of  small  aliquots 
of  the  rejuvenated  and  nonrejuvenated  red  cells  were  measured  using  a 5>Cr 
labeling  procedure  as  previously  described  (Valeri,  1974a,b;  Valeri  et  al,  1973). 
Therapewtie  Effectiveness 

The  index  of  therapeutic  effectiveness  refers  to  the  percentage  of  originally 
collected  doirar  red  cells  that  have  a potential  for  normal  longterm  survival  in  the 
recipient  (Fig  2)  (Valeri,  1970).  To  calculate  the  index  the  recovery  in  vitro  is 
multiplied  by  the  24'hour  posttransfusion  survival  of  the  recovered  red  cells. 
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nOMIRK  S 

Dilution  of  40%  W/V  gfycsrolizsd  rod  colls  first  with  150  ml  of  12  g%  sodium  chloride 
solution,  and  then  with  4S0-S00  ml  of  1.6  g%  sodium  chloride  solution  in  the  Fenwal 
Elutramatic  or  in  the  IBM  Blood  Processor,  prior  to  recovery  and  washing  with  sodium 
chlorldo  solutions.  Units  washed  in  the  Haemonetics  Blood  Processor  15  were  diluted 
only  once. 


RESULTS 

The  P(o  value  of  the  oxyhemoglobin  dissociation  curve  of  normal  red  cells 
collected  in  heparin  and  washed  prior  to  testing  was  27  ± 1 mm  Hg  (mean  ± 
8.O.),  the  carboxyhemoglobln  level  1 to  2%,  the  red  cell  ATP  level  3.9  ±1.0 
(ttnot  g hemoglobin,  and  the  red  cell  2,3-DPG  level  12  ± 1.2  /imol  g hemoglobin. 

All  units  of  washed  freeze-preserved  red  cells  were  sterile  irrespective  of 
the  processing  method. 
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RQURE  4 

Oflutlon  of  20%  W/V  glycarolized  red  cells  with  250-500  ml  of  3.2  g%  sodium  chloride 
solution  prior  to  recovery  and  washing  with  sodium  chloride  solutions  in  one  of  the 
throe  systems. 

Figs  3 and  4 outline  the  external  dilution  principles  for  washing  the  high  and 
low  glycerol  red  cells  in  the  IBM  Blood  Processor,  the  Fenwal  Elutramatic,  and 
the  Haemonetics  Blood  Processor  15.  Also  shown  are  the  washing  principle,  the 
set-up  time,  the  washing  time,  the  volume  of  sodium  chloride  solutions,  total 
time  for  preparation  excluding  the  time  of  thawing,  and  the  number  of  units  that 
each  machine  could  handle  at  one  time. 


FIGURE  M 

The  I'Cr  24-hour  posttransfusion  survival,  recovery  in  vitro,  index  of  therapeutic  effective- 
neee,  eupematant  hemoglobin  level  (mg%),  blood  pH,  and  supernatant  osmolality. 
Autologous  red  cell  coneontratos  wore  stored  at  4’C  lor  3 days,  Ireeze-pieserved  with  40% 
W/V  glyeerol  at  -80*C,  thawed  at  37*C,  washed,  and  stored  at  4*C  In  a sodium 
chlorlde^lucoae-phosphate  solution  for  24  hours  before  transfusion.  2.2  t sodium  chloride 
solution  were  used  to  wash  the  red  cells  In  the  IBM  Blood  Processor,  2.7  t were  used  In 
the  Fenwal  Elutramatic,  and  3.2  / were  used  In  the  Haemonetics  Blood  Processor  15. 
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Rad  edla  w«i«  atorad  at  4*C  In  CPO  for  2 daya,  trozan  with  40%  W/V  glycerol  in  an 
Ionic  madium,  aitd  atorad  at  >80*0  for  1 yaar.  Tlwy  wara  waahed  In  tha  Haamonetics 
Blood  Procaaaor  10  with  3.2  t aodlum  chlortda  aoluUon  at  200  ml  par  minuta,  and  atorad 
at  4*  C In  aodlum  cMorlda^ilucoaa  phoaphata  for  24  houra  bafora  tranafualon.  Two  unite 
of  rad  calla  wara  tranafuaad  to  W.K.,  a 21-yaar-old  mala  with  traumatic  Injurlaa.  Tha 
poattranafualon  aurvival  maaaurad  by  an  automated  diffarantial  agglutination  procedure, 
and  tha  rad  call  ATP,  2,3-OPO,  Pia,  and  pH  lavala  are  reported. 


nOURC  5B 

Extracellular  potaaalum  and  rad  call  potaaalum  lavala  and  tha  rad  cell  oxygen  tranaport 
function  (rad  call  2,3-OPQ  and  ATP,  P(o  value,  and  rad  cell  pH).  Rad  cells  were  preserved 
aa  daacrlbad  In  Figure  SA. 
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nOURE  7A 

24-Hour  posttransfusion  survival,  recovery  In  vitro.  Index  of  therapeutic  sWaceisnsu 
supernatant  hemoglobin  (mg%),  blood  pH,  and  supernatant  osmolality.  Autologous  im 
t cell  concentrates  were  stored  at  4‘C  for  3 days,  freeze-preserved  with  20%  WfV  gtycerer 
at  -150*0,  thawed  at  42*0,  washed,  and  stored  at  4*0  in  a sodium  chlorlde-gluc oee 
phosphate  solution  for  24  hours  before  transfusion.  1.5  / sodium  chloride  solukori  oei* 
used  to  wash  the  red  cells  in  the  IBM  Blood  Processor,  1.7  / were  used  in  the  Fsnatai 
. Elutramatic,  and  2.5  t were  used  In  the  Haemonetics  Blood  Processor  IS 
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Figs  5A,  SB,  6,  7A,  and  7B  show  the  various  aspects  of  freeze-preservation 
of  human  rad  cells'  using  40%  W/V  glycerol  and  storage  at  -80°C.  or  20% 
W/V  glycerol  and  storage  at  -ISO^C.  The  red  cells  were  stored  at  4°C  in  either 
AGO  or  CPD  for  up  to  5 days  before  freeze^^reservation  with  the  high  or  low 
glycerol  method.  After  thhwing  and  washing  they  were  stored  In  a sodium 
chloride-glucose-phosphate  solution  for  at  least  24  hours  at  4°C.  The  recovery 
In  vitro,  24-hour  posttransfusion  survival  value,  and  oxygen  transport  function 
were  not  significantly  different  ih  the  red  cells  washed  by  the  various  systems. 
The  red  cell  24-DPG  and  ATP  levels,  blood  pH,  and  red  cell  pH  were  similar  in 
high  aiKl  low  glycerol  red  cells  (Rgs  5B  and  7B).  The  supernatant  hemoglobin 
level  was  higher  in  low  glycerol  red  cells  than  in  high  glycerol  red  cells  both  on 
the  day  of  washing  and  for  24  hours  after  storage  In  the  resuspension  medium 
at  40c  (Figs  5A  and  7A). 

After  freeze-preeervation,  washing,  and  storage  in  sodium  chloride-glucose- 
phosphate  for  4 days  at  4°C,  the  non-roluvenated  red  cells  had  24-hour  poet- 
transfusion  survivals  of  about  85%,  a slight  reduction  in  oxygen  transport  function, 
and  an  increase  in  spontaneous  hemolysis  In  vitro  (Figs  8A  and  8B). 
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The  *'Cr  24-hour  poetiranshislon  survhral,  recovery  In  vitro.  Index  of  therapeutic  effactive- 
neaa,  aupematani  hemoglobin  level  (mg%),  blood  pH,  and  supernatant  osmolality. 
Autologous  red  cell  conoaniralae  ware  stored  at  4*C  for  3 days,  freeze-preserved  wHh 
40%  W/V  glyoerol  at  -00*0.  thawed  at  37*0,  washed,  and  stored  at  4*0  in  a sodium 
chlorlda-glucoaa  phoaphala  solution  for  4 days  before  transfusion.  2.7  t sodium  chloride 
solution  were  used  to  wash  the  rad  oaHe  In  the  Fanwal  EKitramatlc,  and  3.2  t were  used 
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Extracollulor  potoosium  and  nd  call  polasolum  Ion  levols,  and  red  cell  oxygen  tranaport 
fimcHon  (rod  cad  2,3-0P6  and  ATP  IovoIb,  Pm  value,  and  ted  cell  pH).  Red  cells  were 
proaervod  as  dewrlMd  In  Figure  8A 


Pt6PA(Sol.A) 


PAYS  STORCO  AT-MC 


Changes  in  2,3-DPG  levels  of  acld-cHratoKloxiroae  (ACO)  and  citrate-phosphata-dextroae 
(CPO)  rod  calls  during  storaga  at  4*C.  Soma  ol  the  rad  calls  ware  stored  at  in  CPD 
for  3 to  $ days,  Incubatad  with  PIQPA  (Solution  A)  at  37*C  for  1 hour,  glycarollzad  to  a 
concentration  of  40%  W/V  and  stored  at  -80*0,  or  glycarolized  to  a concentration  of 
20%  W/V  and  stored  at  -180*C  before  thawing  and  washing.  Other  red  calls  were  stored 
In  ACO  or  Cro  at  4*C  for  U days.  Incubated  with  PIOPA  (Solution  A),  glycarolized  to  a 
concentration  of  40%  W/V  and  stored  at  -SO'C,  or  glycarolized  to  a concentration  of 
20%  W/V  at«d  stored  at  -160*C  belore  thawing  and  washing. 


The  Blood  Banking  Products  produced  by  the  Behringwerke 
are  Government  tested  by  the  Federal  Republic  of  Germany  within  the 
Paul-Erhiich  Iratitute.  Federal  Office  for  Sera  and  Vaccines, 
Frankfurt/Maine.  F.R.G.,  and  approved  by  this  Institute. 


...  in  immuno-haematology,  Behring  offers  a complete,  essential  range 
required  by  a Blood  Banking  Laboratory  (or  indeed  any  other  laboratory) 

. . . plus  something  extra  in  product  range,  and  quality,  and  service. 

for  example  — 

“RHESOCIT''^'”  the  best  known  European  trade-name  for 

Anti-D-serum.  (in  packs  of  2 ml.,  5 ml.,  10  ml.,  and 
6 X 10  ml.) 

Anti-M  serum,  agglutinating  Anti-M^  serum,  agglutinating 

Anti-N  serum,  agglutinating  Anti-S  serum,  agglutinating 

Anti-s  serum,  incomplete  Anti-Cellano  serum  (k)  incomplete 

Anti-Duffy^-serum,  (Fy^)  incomplete  Anti-Duffy**-serum  (Fy*^  incomplete 
Anti-Kell-serum  (K)  incomplete  Anti-Kidd*  serum  (Jk^  incomplete 
Anti-Lewis*-serum  (Le*)  agglutinating  Anti-Lewis^-serum(Le*’)  agglutinating 
Anti-Lutheran*-serum  (Lu*)  serum,  incomplete 
Anti-P| -serum,  agglutinating 
Anti-Tj*  (P  + Pi  -t  P*^)  serum,  lyophilised 

“SANGOCELL®"’  "the  Behring  trade  name  defining  the  test 

erythrocytes  for  determinations  in  the  ABO  and  Rh 
systems,  (these  products  are  available  on  special 
request  and  standing  orders  only.  Production  and 
delivery  dates  available  on  request). 

Shelf  Life:  7 (seven)  weeks  — excepting  SANGOCELL  -C  (test  erythrocytes 
for  checking  the  Coombs  Test)  which  has  a shelf  life  of  5 (five) 
weeks  only. 
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for  th«  IMMUNO-HAEMATO LOGY  LABORATORY 


BEHRING  OFFERS  SOMETHING  NEW  FOR  THE  COOMBS  TEST 

ANTI-HUMAN-GLOBULIN  SERUM- "CONTRAST" 

The  anti-human  globulin  serum,  contrast,  is  green  coloured  for  checking 
the  addition  of  the  reagent  especially  by  serial  tests.  Much  easier  to  read 
the  test  result. 

The  anti-human-globulin  sera  (Coombs  sera)  manufactured  by  the 
BEHRINGWERKE  are  obtained  from  immunized  rabbits  or  goats.  They 
serve  for  the  detection  of  incomplete  antibodies  and  demonstration  of  the 
factor  in  the  Coombs  test. 

Coombs  sera  Behringwerke  react  with  the  immunoglobulins  and  also  with 
certain  complement  factors  (e.g.,  C3,  C4)  in  human  serum  ("anti-if-i-  anti 
non-y  globulin  serum").  Thus  they  are  suitable  for  demonstrating  anti 
I bodies  against  human  blood-type  characteristics. 

PACKS:  5 ml.,  10  ml.,  6x10  ml. 

PRESERVATIVE:  sodium  azide  (1  mg/ml) 


AND- 


Serological  Blood-Typing 

CONTROL  SERUM,  Positive 

COMPOSITION 

BEHRINGWERKE  produced  positive  serological  blood-typing  control 
serum  is  a human  serum  ready  for  immediate  use.  It  contains  antibodies 
with  various  specificities,  and  under  proper  reaction  conditions,  will  react 
positively  with  all  human  erythrocytes. 

USE 

For  running  technical  checks  on  serological  blood-typing  techniques,  for 
demonstration  and  identification  of  irregular  antibodies  in  prophylactic 
tests  during  pregnancy  and  in  blood  transfusion  (cross-matching).  The 
control  serum  is  suitable  for  checking  the  following  assay  methods; 

(1)  Enzyme  test  (bromelin,  papain,  ficin,  neuraminidase,  etc.) 

(2)  Indirect  Coombs  Test 

(3)  Incubation  test  with  whole  blood  at  37'’C. 

(4)  Conglutination  test  with  supplement. 

Using  the  control  serum  and  the  methods  listed  above,  it  is  also  possible 
to  test  the  activities  of  various  serological  reagents  (enzymes,  Coombs 
serum,  supplements,  test  erythrocytes,  typing  sera). 
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DAYS  STORED  AT +4C 
FIGURE  10 

Changes  In  the  ATP  levels  ol  acld-citrate-dexirose  (AGO)  and  cltrate^osphate-dextrose 
(CPO)  red  cells  during  storage  at  4*C.  Some  of  the  ted  cells  were  stored  at  4*C  In  CPD 
for  3 to  5 days,  Incubated  with  PIGPA  (Solution  A)  at  37*C  for  1 hour,  glycerollzed  to  a 
concentration  of  40%  W/V  and  stored  at  hiJO'C,  or  glycerollzed  to  a concentration  of 
20%  W/V  and  stored  at  -150'C  before  thawing  and  washing.  Other  red  cells  vrere  stored 
In  ACD  or  CPO  at  4*0  for  28  days.  Incubated  with  PIGPA  (Solution  A),  glycerollzed  to  a 
concentration  of  40%  W/V  and  stored  at  -80*C,  or  glycerollzed  to  a concentration  of 
20%  W/V  and  stored  at  -ISO’C  before  thawing  and  washing. 
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FIGURE  11 

24-Hour  posttranshision  survival  and  lifespan  values  of;  (1)  nonrejuvenated  red  cells  — 
rod  cells  stored  at  4*C  In  ACD  or  CPD  for  3 to  5 days,  frozen  with  40%  W/V  glycerol  and 
atored  at  -ao*C,  or  with  20%  W/V  glycerol  and  stored  at  -ISO'C,  washed,  and  stored  at  4*C 
In  a sodium  chlorlde-glucose-phosphata  sduUon  for  24  hours  before  transfusion;  (2) 
Indalod^eiuvonated  red  cells — red  cells  stored  at  4*C  In  CPO  for  3 to  5 days,  rejuvenated 
with  PIGPA  (Solution  A),  frozen  with  40%  W/V  glycerol  end  stored  at  -80*C,  or  with  20% 
W/V  glycerol  end  stored  at  -ISO'C,  washed,  and  stored  at  4*C  In  a sodium  chlorlde- 
glucoea  phosphate  solution  for  24  hours  before  transfusion:  and  (3)  outdated-rejuvenated 
ted  cella  red  cells  stored  at  4*C  In  ACO  or  CPO  for  28  days,  rejuvenated  with  PIGPA 
(SotuUon  A),  frozen  with  40%  W/V  glycerol  and  stored  at  -OO’C,  or  with  20%  W/V 
gfycerol  and  stored  at  -ISO'C,  washed  and  stored  at  4*C  In  a sodium  chloride-glucose- 
phoephale  solution  for  24  hours  before  transfusion. 


Proetdlngt  ot  Au»tnUu>  Society  ot  Blood  Trumiution  Sympotlum, 
Conborn,  90lh  Sopiombor,  1974. 


Figs  9 and  10  show  the  2,3-DPG  and  ATP  levels  of  red  cells  after  storage 
In  ACD  or  CPD  at  4°C.  After  storage  in  CPO  at  4°C  for  3 to  5 days  the  red  cell 

2,3-DPG  begins  to  fall,  whereas  red  cells  stored  in  ACD  exhibit  a fall  in  the 

2,3-DPG  level  after  only  1 or  2 days  of  storage  at  4°C.  The  level  of  red  cell 

2,3-DPG  after  thawing  and  washing  is  similar  to  that  at  the  time  of  glycerolization 
and  freezing.  After  storage  at  4°C  for  3 to  5 days  CPD  red  celts  can  be  incubated 
in  PIGPA  (Solution  A)  for  1 hour  at  37°C  to  increase  their  2,3-DPG  levels  to  1V6  to 
2 times  normal,  and  their  ATP  levels  to  125%  the  normal  value.  In  fact,  red  cells 
can  be  stored  at  4°C  in  ACD  or  CPD  for  as  long  as  28  days  before  rejuvenation 
with  PIGPA  (Solution  A),  glycerolization  and  freezing.  After  rejuvenation  these 
outdated  red  cells  have  2,3-DPG  levels  of  75  to  80%  of  normal,  and  ATP  levels 
125%  the  normal  value. 

Fig  11  shows  the  24-hour  posttransfusion  survival  and  lifespan  of  high  and 
low  glycerol  red  cells  after  freezing,  washing,  and  storage  in  sodium  chloride- 
glucose-phosphate  at  4°C  for  24  hours.  Red  cells  that  were  stored  In  ACD  or 
CPD  at  40c  for  3 to  5 days  before  freeze-preservation,  washing,  and  post-thaw 
storage  for  24  hours  had  24-hour  posttransfusion  survival  values  of  about  90%, 


UTI-  MISSTOMCt  WHC  KJUVEIliinM  ATP  2,3-0P6  pSO  KDCELL 
UMTS  COM.  PK-FZ  POST  WSM  MEOHM  (|iM/g  Hb)  (mmHg)  pHCSTC) 


4 4C0  29  I rm  (Sol.  A)  1.3 


FiQumia 

Red  cells  were  stored  at  4*C  In  AGO  for  29  days  prior  to  ro|uvsnatlon  with  PIQPA 
(Solution  A),  and  fraeza-prsaarvation  with  40%  w/V  olyoarol  In  an  Ionic  madlum  at 
•aO*C  for  1 year.  Altar  thawing,  aach  unit  was  washad  In  tha  Fanwal  Elutramatlc  with 
3.7  t sodium  chlorlda  solution,  and  slorad  at  4*C  in  a sodium  chlorlds-glucosa-phosphate 
solution  at  4*C  for  24  hours  bafors  transfusion.  Four  units  of  rad  calls  wars  transfusad 
to  H.O.,  a 23-yaar-old  mala  with  traumatic  injurias.  Tha  positransfusion  survival  maasurad 
by  an  automated  diflarantial  agglutination  procedure,  and  tha  red  call  ATP,  2,3-OPG, 
Pm.  and  pH  lavals  on  tha  day  of  transfusion  are  raportad. 


Pfocmdingi  o/  Au$ifmllan  SoeJ»iy  of  Blood  Tnntlimlon  Sympoofum, 
Conbono,  SOth  Soplombor,  1074. 


Blood  ^ (22«C) 
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RBd  calls  ware  stored  In  CPD  at  4‘C  for  3 days  prior  to  rejuvenation  with  PIQPA 
(Solution  A),  and  freaza-preservation  with  40%  W/V  glycerol  in  an  Ionic  medium  at 
•W*C  for  1 month.  They  were  washed  in  the  Fenwal  Elutramatic  or  the  Haemonetics 
Blood  Processor  IS  with  sodium  chloride  solutions,  and  stored  in  a sodium  chloride- 
glucosa  phosphate  solution  at  4*C  for  4 days  prior  to  transfusion.  The  >iCr  24-hour 
posttransfusion  tuivlvol  values,  the  recovery  fn  vftro  after  thawing  and  after  washing, 
the  Index  of  therapeutic  effectiveness,  the  supernatant  hemoglobin,  blood  pH,  and  the 
supernatant  osmolality  values  are  reported. 


(MOM 

pHIST^ 
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R«d  ceils  were  tiorsd  in  CPO  at  4*C  for  28  days  prior  to  rejuvenation  with  PIGPA 
(SotiiUon  A),  and  freeze-preservation  with  40%  W/V  glycerol  In  an  Ionic  medium  at 
•80*C  for  1 month.  They  were  thawed  at  37*C  and  washed  in  the  Penwal  Elutramatic  with 
2.7  t sodium  chloride  solution,  and  were  stored  In  a sodium  chloride-glucose-phosphate 
solution  at  4*C  for  4 days  before  transfusion.  The  24-hour  posttransfusion  survival,  the 
recovery  /n  vitro,  the  index  of  therapeutic  effectiveness,  the  supernatant  hemoglobin, 
blood  pH,  and  osmolality  of  the  supernatant  are  reported. 
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otaaslum  levels,  and  the  red  ceil  oxygen  transport 
, Pie  value,  attd  red  cell  pH).  Rm  cells  were 


Extracellular  potassium  and  red  cell 
function  (red  cell  2,3-OPQ  and  A1 
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TABLE  2 

♦ 

RED  CELLS  STORED  IN  AGO  OR  CPO  AT  A^C  FOR  3 TO  5 -DAYS  BEFORE 

FREEZE-PRESERVATION  WITH  40%  W/V  GLYCEROL  At 

-80®C, 

AND  WASHING  IN  ONE  OF  THE  3 SYSTEMS 

IBM  BLOOD 

FENWAL  HAEMONETICS 

ft 

PROCESSOR 

ELUTRAMATIC  BLOOD  PROCESSOR' IS 

(2.2  litres! 

(2.7  litres) 

(X2  litres) 

Fratzt-Thaw 

M 

98.0 

97.8 

97.3 

Raoovtry  (%) 

SO 

3.7 

1.0 

1.8 

N 

38 

114 

26 

FrM2e-Thaw-Wash 

M 

92.8 

90.0 

90.8 

R«covery(%) 

SO 

2.4 

2.7 

5.7 

N 

38 

114 

25 

A 

Suptmatant  Hemoglobin 

M 

49 

90 

129 

(mg%) 

SD 

18 

50 

55 

N 

38 

114 

26 

Extra  K'*'  (mEq/l) 

M 

ae 

0.7 

0.8 

SO 

0.5 

0.3 

0.4 

N 

38 

112 

26 

Red  Call 

(mEq/10'^  RBC) 

M 

7.5 

7.5 

7.6 

SD 

a9 

0.7 

0.6 

N 

15 

17 

14 

Uric  Acid  (mg%) 

M 

1.7 

1.5 

1.6 

SO 

OJ 

0.3 

0.5 

N 

16 

38 

14 

Inorganic  Phoiphorus 

M 

25 

22 

17 

(mft%) 

SD 

8 

8 

6 

N 

16 

40 

14 

i 

Lactate  Oimol/ml) 

M 

2.9 

2.7 

4.3 

SO 

as 

1.2 

1.0 

N 

16 

38 

10 

Hypoxanthine 

M 

aoi 

0.01 

0.01 

Uwnol/ml) 

SO 

— 

* - 

— 

N 

16 

38 

10 

Inoalne  (pmol/ml) 

M 

aoi 

• aoi 

0.01 

SO 

— 

— 

— 

N 

16 

38 

10 

Glycerol  (g%) 

M 

0.21 

0.21 

0.34 

SO 

ai3 

0.08 

0.02 

N 

27. 

37 

48 

r 

Albumin 

M 

ai7 

0.22 

0.15 

Remaining  (%) 

SO 

ai2 

ai6 

ao6 

TABLE  3 

RED  CELLS  STORED  IN  ACD  OR  CPD  AT  4°C  FOR  3 TO  5 DAYS  BEFORE 
FREEZE-PRESERVATION  WITH  20%  W/V  GLYCEROL  Ar-150°C, 

AND  WASHING  IN  ONE  OF  THE  3 SYSTEMS 


IBM  BLOOD  FENWAL  HAEMONETICS 

PROCESSOR  ELUTRAMATIC  BLOOD  PROCESSOR  IS 
(1.5  litres)  (1.7  litres)  (2.5  litres) 


FrMZB-Thaw 
Racovefy  (%) 


FrMza-Thaw-Wash 
Racovary  (%) 


Supamatant  Hamoglobin  M 
(iiig%)  SC 


Extra  K (mEq/l) 


Rad  Call  K'' 
(mEq/10'2  rbC) 


Lactata  (pmol/ml) 


Hypoxanthina 

(pmol/nil) 


Inotina  (pmol/ml) 


Glyoarol 


'"I  Albumin 
Ramaining  (%) 


Albumin 

R«nwinin|(%) 


TABLE  4 


RED  CELLS  STORED  IN  CPO  AT  4Pc  FOR  3 TO  S DAYS  BVORE 
REJUVENATION  WITH  PIGPA  (SOLUTION  A),  FREEZE-PRESERVATION 
WITH  40%  W/V  GLYCEROL  AT  ~aoPc. 

AND  WASHING  IN  ONE  OF  3 SYSTEMS 


IBM  BLOOO  FENWAL  HAEMONETICS 

processor  ELUTRAMATIC  BLOOO  processor  15' 
(U  litrwl  (Z7  litTM)  i3a  litm) 


FrMZ*-Thaw  M 97.9  97.6  97.8 

Racovtry  (%)  SO  0.8  1.0  0.8 

N 12  67  9 


Frant-Thaw-Waili  M 93.0  90.2  90.4 

RMO«try(%)  SO  1.5  * 3.1  3.3 

N 12  67  9 


Suptmatant  Hamoglobin  M 92  103  125 

(m«|%)  SO  SO  52  60 

N 12  67  9 


Extra  K*  (mEq/l)  M 0.9  0.8  0.6 

SO  0.6  ..  0.4  0.2 

N 12  64  8 


Rad  Call  M 7.0  7.5  7.3 

(mEq/10^2  RBC)  SO  0.2  0.7  0.6 

N 3 17  6 

« 


Uric  Add  (mfl%)  M 1.0  1.7  1.3 

SO  0.5  . 0.2  0.3 

N 5 13  5 


Inorgviic  Phoapiiorut  M 23  22  22 

(m^)  SO  6 6 6 

N 4 13  4 


Laetata  (fimol/ml)  M 2.0  1.4  3.2 

SO  as  0.6  ae 

N 5 17  7 


Hypoxanthina  M ail  a06  0.30 

(limol/ml)  SO  a04  ' 0.03  0.08 

N 4 15  5 


Inoaina  (pmol/ml)  M 0.01  0.01  a01 

SO  - - 

N 5 - 13  .6 


Qyoarol  («%)  M 0.21  0.21  0.34 

SO  ai3  0.08  0.02 

N 27  ■ 37  48 


TABLE  5 

RED  CELLS  STORED  IN  ACD  OR  CPD  AT  4°CtFOR  28  TO  35  DAYS  BEFORE 
REJUVENATION  WITH  PIGPAlSOLUTION  A),  * 

FREEZE-PRESERVATION  WITH  40%  W/V  GLYCEROL  AT  -80°C, 

AND  WASHING  IN  ONE  OF  3 SYSTEMS 

K I 


IBM  BLOOD 

FENWAL 

HAEMONETICS 

PROCESSOR 

ELUTRAMATIC 

BLOOOPROCESSOR 

(2.2  litm) 

(2.7  litm) 

(3.2  litml 

FrMM-Thaw 

M 

96.2 

97.6 

97.2 

Racovtry  (%) 

SD 

1.7 

0.6 

1.5 

N 

27 

62 

10 

FrMZ»-Thaw-Wash 

M 

90.8 

90.6 

91.4 

Racovary  (%) 

SD 

2.2 

2.6 

3.0 

N 

27 

62 

10 

Supamatant  Hamoglobin 

M 

77 

87 

122 

(m^) 

SD 

64 

34 

34 

N 

27 

55 

10 

Extra  K'*‘  (mEq/l) 

M 

1.0 

0.8 

0.8 

SD 

0.5 

. 0.8 

0.3 

N 

27 

55 

10 

Rad  Call  K* 

M 

5.1 

5.9 

6.2 

(mEq/10^2  RBC) 

SD 

a9 

0.4 

0.7 

N 

8 

12 

4 

Uric  Add  (mg%) 

M 

2.1 

2.2 

1.6 

SO 

0.8 

0.6 

2.5 

N 

13 

13 

4 

Inotgwitc  Phofphorui 

M 

20 

21 

20 

(m«%) 

SD 

2 

6 

3 

N 

13 

13 

4 

Laeiata  Oimol/ml) 

M 

3.8 

2.0 

3.7 

SO 

0.4 

0.7 

0.4 

N 

12 

13 

4 

Hypoxanthina 

M 

0.18 

ao9 

0.31 

(Minol/ml) 

SD 

0.07 

0.04 

0.03 

N 

10 

12 

4 

Inofina  (pmol/mi) 

M 

aoi 

aoi 

0.01 

SO 

— 

— 

— 

N 

10 

12 

4 

Glycarol(8%) 

M 

0.21 

a2i’ 

034 

SO 

0.13 

0.08 

0.02 

N 

27 

37 

48 

^*1  Attaumin 

M 

ai7 

0.22 

0.15 

Ramainins  (%) 

SO 

0.12 

ai6 

0.06 

N 

8 

27 

7 

81 


TABLE  6 


RED  CELLS  STORED  IN  ACD  OR  CPD  AT  4°C  FOR  28  TO  35  DAYS  BEFORE 
REJUVENATION  WITH  PIGPA  (SOLUTION  A), 
FREEZE-PRESERVATION  WITH  20%  W/V  GLYCEROL  AT  -150°C, 

AND  Washing  in  one.  of  3 systems  { 


IBM  BLOOD 
PROCESSOR 
(13  litrM) 

FENWAL 
EUOTRAMATIC  1 
|1.7litrM) 

HAEMONETICS 
BLOOOfPROCESSOR  IS 
(33  litrat) 

Fratzt-Thaw 

M 

96.3  ’ 

96.8 

96.4 

Rwovary  (%) 

SO 

3.8 

0.7 

0.7 

N 

21 

34 

4 

FrMz«-Thaw4Waih 

M 

91.1 

88.7 

92.4 

Rtcovwy  (%) 

SD 

2.0 

3.7 

1.3 

N 

21 

34 

4 

Suptmatant  Hamoglobin 

M 

103 

114 

108 

(m|%) 

SO 

36 

43 

16 

N 

21 

34 

4 

Extra  (mEq/l) 

M 

0.B 

0.7 

0.9 

SO 

0.3 

0.2 

0.1 

N 

21 

34 

4 

R«lCdl 

M 

5.8 

6.0 

6.5 

(rnEd/lO^^  RBC) 

SO 

1.1 

0.8 

0.2 

N 

3 

12 

4 

Uric  Add  (mtfK) 

M 

2.0 

1.8 

yj2 

SO 

0.6 

OJ 

0.2 

N 

8 

9 

4 

InorgMiic  Ph<Mphonn 

M 

19 

26 

19 

(mBK) 

SO 

1 

4 

1 

N 

8 

4 

4 

Lactate  (innol/ml) 

M 

1.2 

1.1 

1.2 

SO 

0.6 

0.2 

0.6 

N 

8 

9 

4 

Hypoxanthina 

M 

0.32 

0.20 

0.52 

((MTKilAnI) 

SO 

0.12 

0.06 

0.09 

N 

7 • 

. 6 

4 

IfMMlna  Ocnol/ini) 

M 

o.o'i 

0.01 

0.01 

SO 

— 

— 

— 

N 

7 

' 6 

4 

Qlyoarol  (8%) 

M 

0.34 

0.22 

0.49 

SO 

0.13 

0.11 

0:23 

N 

43 

44 

28 

Albumin 

M 

0.26 

0.12 

0.29 

Ramaininp  (%) 

SO 

0J)B 

0.06 

0.07 

fncMillngt  of  Auttra/itn  SocMty  of  Stood  Tnn»tu$ion  Sympotium, 
CanSorro,  30tfi  So^Mmbor,  1974. 


and  lifespan  values  of  about  100  days.  When  the  CPD  red  cells  that  had  been 
stored  for  3 to  5 days  were  rejuvenated  with  PIOPA  (Solution  A)  ^tore  freeze- 
preservation,  etc.,  the  24-tibur  posttransfusibn  survival  was  about  K%,  and  the'  .*} 
lifespan  was  about  100  days.  When,  on  the  other  hand,  red  cells  that  had  been 
stored  in  A0D  or  CPO  for  28  days  at  4°C  were  rejuvenated  with  PIGPA  (Solution 
A)  before  freeze-preservation,  etc.,  the '24-hour  posttransfusion  survival  Was  78  to  .« 
80%,  and  the  lifespan  was  about  100  days.  When  these  Indated-reluvenated  and 
outdated~rejuvenated  red  cells  were  kept  in  the  sodium  chlOride-glucoss- 
phosphate  solution  for  as  long  as  48  hours,  the  24-hour  posttransfusion  survivals 
were  at  least  70%  and  the  long-term  survival  was  about  100  days  (Fig  12). 
When  they  were  kept  at  4°C  for  as  long  as  4 days  after  washing,  the  24'hour 
posttransfusion  survivals  were  at  least  70%  (Figs  13A,  13B,  14A,  and  14B),  but 
there  was  an  increase  in  hemolysis  in  vitro.  The  red  cells  were  concentrated  by 
centrifugation  prior  to  transfusion  to  remove  all  the  visible  supernatant  solution 
that  contains  the  products  of  hemolysis  (Figs  13A  and  14A). 

All  of  the  washing  procedures  reported  here  successfully  remove  the  addi- 
tives that  are  used  in  the  rejuvenation  process.  Tables  2-6  show  the  freeze-thew 
and  freeze-thaw-wash  recovery  of  the  red  cells,  the  levels  of  residual  supernatant 
hemoglobin,  the  levels  of  extracellular  and  red  cell  potassium,  and  of  uric  acid, 
inorganic  phosphorus,  lactate,  hypoxanthine,  inosine,  and  glycerol,  and  the 
residual  I2SI  radioactivity.  With  all  three  wash  systems  at  least  90%  of  the  red 
ceils  are  recovered.  The  freeze-thaw  and  freeze-thaw-wash  recoveries,  and  the 
residual  supernatant  hemoglobin  levels  on  the  day  of  washing  were  higher  in  the 
low  glycerol  red  cells  than  in  the  high  glycerol  red  cells.  The  residual  supernatant 
hemoglobin  level  was  slightly  higher  in  red  cells  washed  in  the  Haemonetics 
Blood  Processor  15  than  in  those  washed  in  the  Fenwal  Elutramatic  or  the  IBM 
Blood  Processor.  There  was  a correlation  between  the  red  celt  potassium  ion 
levels  and  the  length  of  storage  at  4°C  prior  to  freezing,  and  these  levels  were 
similar  in  high  and  low  glycerol  red  cells  (Figs  SB,  7B,  8B,  and  13B).  Red  cells 
stored  for  28  to  35  days  before  freeze-preservation  had  lower  potassium  ion 
levels  than  those  stored  for  3 to  5 days  (Figs  13B  and  14B).  Rejuvenation  of  the 
rod  cells  did  not  improve  the  potassium  ion  level,  but  it  did  improve  the  2,3'DPG 
and  ATP  levels.  The  potassium  ion  level  was  about  10%  lower  after  washing  than 
alter  thawing. 

DISCUSSION 

In  our  laboratory  we  have  utilized  three  important  principles  in  the  freeze- 
preservation  of  human  red  cells  with  high  or  low  concentrations  of  glycerol. 

(1)  Concentration  of  red  cells  to  hematocrits  of  about  90  V%  before 
glyeerolization. 

(2)  Dilution  of  red  cells  with  a sodium  chloride  solution  prior  to  recovery, 
and  washing  with  sodium  chloride  solutions  in  any  one  of  three  commercially 
available  systems. 

(3)  Second  dilution  by  on-line  delivery  of  the  once-diluted  red  cells  and  the 
wash  solution  in  the  Haemonetics  or  the  Fenwal  Elutramatic  washing  systems 
using  the  continuous-flow  principle. 
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Red  cell  concentrates  with  hematocrits  of  90  V%  were  prepared  by  removing 
all  of  the  plasma,  both  to  salvage  the  plasma  and  to  purify  the  red  cells.  The 
low  glycerol  red  cells  with  a final  glycerol  concentration  of  about  20%  W/V  are 
prepared  from  a solution  of  35%  W/V  glycerol  which  is  stored  at  22°C  or  at 
r.  37°C  and  4s  added  with  agitation  to  red  ceil  concentrates  that  hav4  been  stored  ^ 
at  loom  temperature  (22°  to  2S°C)  for  at  least  i hours  (one^step  Addition).  The 
high  glycerol  red  cells  with  a final  glycerol  concentration  of  about  40%  W/V  '** 
are  prepved  from  a solution  of  57%  W/V  glycwol  which  is  stor^  at  22°C  or  -r 
at  37°C  and  is  added  in  two  steps  'lyith  agitation  to  red  cell  concentrates  that 
have  beeirstored  at  room  temperature  (22°  to  25°C)  for  at  least  2 hours  (two-step  ^ 
addition).  With  the  two-step  method,  the  initial  volume  of  the  6.^  M glycerol 
solution  is  matched  to  the  weight  of  the  concentrated  red  cells  using  a nomogram, 
and  the  glycerol-red  cell  mixture  equilibrated  for  at  least  10  minutes  before  the 
balance  of  the  solution  can  be  added  (Table  1).  Contrary  to  the  suggestion  of 
Meryman  and  Homblower  (1972),  we  found  that  no  special  stylette  was  required 
to  add  the  glycerol  to  the  red  cell  concentrates.  The  goal  >n  washing  glycerolized 
red  cells  is  to  use  the  smallest  volume  of  wash  solution,  and  to  recover  the 
maximum  number  of  red  cells  in  the  shortest  period  of  time.  The  washing  process 
also  removes  the  products  of  hemolysis,  reduces  the  glycerol  concentration  to 
less  than  1%  W/V,  and  reduces  the  residual  protein,  the  white  cells  and  platelets, 
and  the  anticoagulant  and  additives  (Tables  2-6)  (Valeri,  1970;  Valeri  and  Zaroulis, 
1972a,b;  Valeri,  1974b).  The  dilution  method  depends  upon  the  system  used  to 
wash  the  red  cells.  With  the  IBM  Blood  Processor  and  the  Fenwal  Elutramatic 
we  used  the  two-step  dilution,  and  with  the  Haemooetics  Blood  Processor  15 
we  used  the  one-step  method  (Valeri,  1973a,b).  When  the  high  glycerol 'red  cells 
were  diluted  by  the  two-step  method  prior  to  washing  in  the  disposable  poly- 
carbonate bowl  in  the  Haemonetics  Blood  Processor  15,  the  amount  of  solution 
required  for  washing  was  the  same  as  that  used  with  the  one-step  method,  but 
the  two-step  method  was  more  time-consuming.  For  this  reason,  we  do  not 
recommend  the  two-step  dilution  when  the  Haemonetics  Blood  Processor  15  Is 
used  and,  in  addition,  recommend  that  the  Haemonetics  Blood  Processor  not  be 
automated,  When.a  programmed  pump  is  added  to  the  system  to  deliver  the 
wash  solutions,  the  otherwise  simple  method  is  made  more  complex.  Because 
washing  is  not  as  efficient  in  the  polycarbonate  bowl,  1.0  7 more  wash  solution  is 
fweded  with  the  Haemonetics  Blood  Processor  15  than  is  needed  with  the  IBM . 
Bldod  Processor  or  the  Fenwal  Elutramatic.  The  hypoxanthine  level  in  rejuvenated 
red  cells  that  were  washed  in  the  Haemonetics  Blood  Processor  15  was  about 
twice  that  in  red  cells  washed  In  the  IBM  Blood  Processor  or  the  Fenwal 
Elutramatic  (Tables  4, 5,  and  6). 

We  used  a 5.6%  sodium  lactate  solution  to  wash  20%  W/V  glycerolized  red 
ceils  in  previous  studies  (Runck  and  Valeri,  1972;  Valeri,  1973a,b),  but  we  are 
currently  using  a 3.2%  sodium  chloride  solution  which  has  an  osmotic  pressure 
equal  to  5.6%  sodium  lactate  (Valeri,  1973a, b).  On-line  dilution  of  the  blood  and 
the  wash  solution  is  a very  important  principle  of  the  continuous-flow  systems. 

We  have  found  that  washing  is  made  much  simpler  when  a Y-set  is  used  with  the 
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FfwtwL  FUitramatlc,  and  whan  a bypass  harness  and  gravity  flow  washing  are 
uaed  with  the  Haamonetics  Blood  Processor  15. 

Whan  operated  In  the  manner  described,  all.  three  washing  systems  reduced 
the  residual  glycerol  concentration  to  0.5%kW/v{  or  less  (Tables  2|B).  In  addition 
to  removing  the  glycerol  and  the  additives  used  for  re)uvenation|  washing  also 
reduces  the  residual  proteins,  the  hepatitis  B -antigen  if  present  the  residual 
superrwtant  hemoglobin,  and  extracellular  potas^um  ion.  No  mattefwhat  washing 
system  was  used,  the  recovery  In  vitro  of  the  freeze-preserved  red  cells  was  90% 
or  greater.  ( 

We  concluded  that  red  cells  can  be  stored  in  CPD  at  4°C  for*3  days  before 
freeze-preservation  with  high  or  low  concentrations  of  glycerol,  washed  in  any 
of  the  three  mentioned  systems,  and  then  stored  in  a sodium  chloride-glucose- 
phosphate  solution  at  4°C  for  as  long  as  4 days  before  transfusion,  and  have 
excellent  poettransfusion  survival  values  and  normal  or  slightly  decreased  oxygen 
transport  function.  There  is  a rapid  fall  in  the  red  cell  2,3-OPG  level  of  ACD  red 
cells  after  2 days  of  storage  at  4oC;  this  level  does  not  fall  in  CPD  red  cells 
until  after  about  5 days  of  storage.  The  2,3-DPG  level  does  not  change  significantly 
from  the  time  of  freezing  to  the  time  of  washing.  IndBted-reiuvenated  red  cells 
had  2,3-OPQ  leveia  that  were  1 Vi  to  2 times  normal  and  ATP  levels  that  were 
125%  the  normal  value  (Figs  9 and  10).  Ouldated-rejuvenated  rod  cells  had 
2,3-OPQ  levels  that  were  75  to  80%  or  normal,  and  ATP  levels  that  were  125% 
the  normal  value  (Figs  9 and  10). 
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TABLE  7 


URIC  ACID  LEVELS  BEFORE  AND  AFTER  TRANSFUSION  OF  2 TO  6 UNITS 
OF  RED  CELLS  REJUVENATED  WITH  PIGPA  SOLUTION  AFTER  STORAGE 
AT  4®C  FOR  4 WEEKS 


Numfeor  fto*  Immodi- 

ofUnit*  tram-  aWIvolMr  16  30  ^ 4 24  48  72 

Tram-  fwion  Tram-  minutm  minutM  ' houn  lioun  houn  houn 


Tb«  oxygen  transport  tunction  and  posttransfusion  survival  of  freeze- 
preaerved  red  ceils  are  influenced  by  numerous  factors;  the  antiopagulant  used.^ 
for  collection,  tfie  length  of  storage  at  4°C^rlor  to  glycerolization|4he  rejuvena^i^ 
tion  procedure,  the  method  of  freezing,  the  length  of  storage  in  tfi  frozen  state,  ^ 
the  method  used  to  remove  the  glycerol,  and  the  composition  of  the  resuspension  ^ 
medium  and  the  length  of  storage  at  4°C  after  washing.  Details  o^the  effects  of  ^ 
theae-tactors  on  red  cell  survival  and  function  are  reported  ia  Fi{fs.  11  and  12. 

Lkfuid-etored  blood  that  is  approaching  its  restricted  shpif-llfe  can  be 
rejuverMted  with  high  concentrations  of  potentially  toxic  substances,  and  pre- 
pared for  freeze-preservation  (Fig  15)  (Akerblom,  1967;  Deuticke  et  al,  1971; 
Duhm  et  al,  1971;  Valeri,  1973a,b,  1971,  1974a,b;  Valeri  and  Zaroulis,  1972a,b). 

The  potential  toxicity  of  these  rejuvenation  substances  does  not  pose  a problem 
since  the  substances  are  removed  during  routine  washing  of  the  thawed  red  cells. 

The  coets  involved  in  rejuvenating  outdated  red  cells,  including  the  expense  of 
hardware,  software,  and  labor,  are  deemed  justifiable,  since  this  procedure  makes 
possible  the  salvaging  of  universal  donor  group  O Rh-poaitive  and  group  O 
Rh-negative  red  cells  that  would  otherwise  be  discarded. 

HierapeMlIc  BBaetfvenaae  Of  Red  Celia  WHh  1W  to  2 Ttoiea  Normal  2,9-0^ 
Lavala  and  Decreaaad  AlHnHy  for  Oxygen 

Patients  requiring  therapeutic  transfusion  usually  have  red  cells  with  elevated 
24-DPQ  levels  and  decreased  affinity  for  oxygen.  Unless  a patient  has  cardlo- 
pulmorwry  insufficiency,  the  level  of  red  cell  2,3-DPG  increases  in  proportion  to 
the  degree  of  red  cell  mass  deficiency  (Eaton  et  al,  1970;  Qerlach  et  al,  1970; 
Hjelm,  1969;  Valeri  and  Fortier,  1969).  It  has  been  shown  that  in  assessing  a 
red  cell  mass  deficit,  the  peripheral  red  cell  2,3-DPG  measurement  is  2 to  3 
times  more  sensitive  than  the  peripheral  venous  hemoglobin  and  hematocrit 
measurements  (Valeri  and  Fortier,  1969).  Patients  who  have  cardiopulmonary 
disease  but  no  red  blood  cell  deficits  also  have  elevated  red  cell  2,3-DPG  levels 
(Oaki  et  al,  19B9;  Valeri  and  Fortier,  1969).  Patients  with  hypoxic  or  anemic 
hypoxia  who  have  normal  or  elevated  blood  pH  levels  usually  have  peripheral 
red  cells  with  decreased  affinity  for  oxygen  and  2,3-DPG  levels  that  are  increased 
to  about  twice  normal. 


Patient*  with  anemic  hypoxia  who  had  red  cells  with  to  2 times  normal 
2,3-DPG  levels  showed^  nv  impalrment<-ot  oxygen  uptake  by  the  led  cells  In  the»  ^ 
iuftgaybut  there  wae-an  i^rease  in  oxyg^  release  to  tissue  (Vallri  and  CollinSrV 
■'  1971).  Preserved  red  cells  with  2,3-OPG  levels  m to  2 timesC norrhal  would.* 
provide  the  most  beneficial  treatment  for  these  patients.  When  % units  of  red 
cells  with  1W  to  2 times  Aormal  2,3-OPQ  levels  were  administered  to  correct  red  - 
cell  mass  deficits,  the  2,3-DPG  level  remained  elevated  for  3 days  after  the  trans- 
fusion. The  levels  may  remain  elevated  for  even  longer  periods,  cjBpending  upon  f 
the  metabolic  and  cardir^Mimonary' condition  of  the  patient. 

Of  38  patients  who  received  2 to  6 units  of  red  ceils  that  had  been  rejuvenated 
with  PIQPA  (Solution  A),  none  exhibited  any  significant  increase'  in  serum  uric 
acid  cohoentratlon  for  3 days  after  transfusion  (Table  7).  We  fiave  been  adminis- 
tering rejuvenated  red  cells  to  patients  tor  over  4 years  and  have  encountered 
no  problems  of  contamination,  pyrogenic  reactions,  or  other  untoward  side  effects. 
Approximately  250  patients  have  received  about  1500  units  of  Indated-rojuvenaled 
or  ouMaiad-ra/wanatad  red  cells  freeze-preserved  with  high  or  low  concentrations 
of  glycerol,  and  we  have  found  that  thme  red  cells  increase  the  recipient's  red 
cell  mass  and  improve  oxygen  transport. 

In  certain  specific  clinical  situations,  the  oxygen  transport  of  preserved  red 
cella  may  be  of  particular  importance.  For  example,  when  patients  have  restricted 
cerebral,  and  cardiac  responses  that  may  not  be  able  to  compensate  for  the 
decreased  oxygen  delivery*  that  usually  occurs  4 hours  after  transfusion  if  the 
red  cells  have  low  2,3-DPG  levels;  this  may  result  in  dangerously  low  venous 
PO)  and  tissue  PO2  levels.  Red  cells  with  normal  or  above  normal  2,3-OPG  levels 
should  be  administered  to  seriously  ill  patients;  this  will  improve  or  at  least  main- 
tain the  venous  PO2  and  tissue  PO2  levels,  and  yet  not  demand  that  the  blood 
flow  or  the  work  of  the  heart  be  increased.  Preserved  red  cells  should  be  able 
to  improve  the  oxygen  transport  immediately  after  transfusion  and  should  not 
require  compensation  from  the  cardiorespiratory  system  or  a reduction  in  venous 
oxygen  tension. 

In  our  laboratory,  we  stored  washed  freeze-preserved  red  cells  In  a sodium 
chloride-glucoee-phosphate  solution  at  4°C  tor  24  hours,  after  which  we  con- 
centrated the  red  ceils  by  centrifugation  and  removed  all  of  the  visible  super- 
natant When  theee  concentrated  red  cells  were  transfused  through  ultrapore 
finera,  we  obeerved  satisfactory  pcettransfusion  survival  and  oxygen  transport 
function.  In  addition,  there  is  an  excellent  rate  of  flow  of  the  previously  frozen 
washed  red  cella  through  the  ultrapore  filters  (Valeri,  to  be  published). 

This  simple  approach  makes  it  feasible  to  biochemically  modify  both  Indatad 
and  outdatad  red  cells.  The  routine  washing  procedure  remove*  the  glycerol, 
at  least  96%  of  the  white  ceil*  and  platelets,  the  isoagglutinins,  the  anticoagulant 
preservativo  and  other  additives,  the  products  of  hemolysis,  and  the  protein  and 
nonprotein  plasm*  components  (Valeri,  1970;  Crowley  and  Valeri,  1974a,b). 
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^ SUMMARY 

■-  .yj*r— wv»d -rad  calls  aip  transfused  to-rincrmse  the  delivery  oxygen- 
tisM;'lt^is  also  essential  >that  the  preserved  M cells  circulate^  in  order  to-  . ^ 
Incrassa  the  rad  cell  masskr  and  to  Improve  the  oxygen  carrying  capacity.  The 
daUvary  of:oxygen  to  tlssuei  immediately  after  tr^fusion  of  preseyed  red  cella-^ 
depefKis  to  a great  extant  on  their  affinity  for  oxygen.  Red  cells  stored  In  ACD  for 
7 days  at  4*C  maintain  their  ability  to  carry  oxygen,  but  their  ability  to  release  it 
is  impaired.  It  was  not  untif  1967  that  the  correlation  between  oxygen  transport  ' 
function  and  the  rad  cell  2,3-DPG  level  was  appreciated.  More  recently,  inves- 
tigators have  realized  the  importance  of  the  oxygen  delivering,  capacity  of  trans- 
fused red  cells  during  the  first  4 hours  after  transfusion.  Red  cells  that  have 
low  2,3-OPQ  levels  and  increased  affinity  for  oxygen  will  increase  the  cardiac 
output  and/or  decrease  the  venous  PO2  for  4 hours  after  transfusion. 

CPD-preserved  red  cells  are  more  likely  to  have  normal  oxygen  transport 
than  are  ACD-pieserved  red  cells.  During  storage  at  4°C  the  oxygen  transport 
function  of  CPO  red  cells  is  maintained  by  purine  nucleoside  supplementation, 
and  during  freeze-preservation  it  is  maintained  with  glycerol.  By  modifying  the 
rsd  cell  biochemistry  before  freeze-preservation,  it  is  possible  to  prepare  viable 
rod  cells  with  2,3-DPQ  levels  that  are  to  2 times  normal  and  have  decreased 
affinity  for  oxygen.  Such  red  cells  have  acceptable  posttransfusion  survival  and 
greater  oxygen-releasing  capacity  for  at  least  72  hours  after  transfusion. 

Tlie  well-being  of  certain  patients  may  be  placed  in  jeopardy  if  they  are 
given  preesrvsd  red  cells  that  have  Increased  affinity  for  oxygen,  since  the 
patient  may  not  be  able  to  meet  the  accompanying  demand  for  increased  blood 
flow,  and  the  venous  oxygen  tension  may  fall  to  a critical  level.  Clearly,  patients 
In  hemorrhagic  and  septic  shock,  those  subjected  to  extracorporeal  circulation 
during  cardiac  surgary,  and  anemic  patients  with  myocardial  or  cerebrovascular 
insufficiency  can  be  handled  most  efficaciously  by  treating  them  with  red  cells 
that  have  2,3-OPQ  levels  that  are  either  normal  or  about  twice  normal. 
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Preserved  red  cells  are  transfused  to  Increase  the  delivery  of  oxygen  to 
tissue-  It  1«  also  essential  that  the  preserved  red  cells  circulate  In  i 


ATP 

Potassium  Ion 
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to  Increaso  tht  red  cell  mass  and  to  Improve  the  oxygen  carrying  capacity.  The 
delivery  of  oxygen  to  tissue  Immediately  after  transfusion  of  preserved  red 
cells  depends  to  a great  extent  on  their  affinity  for  oxygen.  Red  cells  stored 
In  ACD  for  7 days  at  4 C maintain  their  ability  to  carry  oxygen,  but  their 

1.  It  was  not  until  1967  that  the  correlation- 
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between  oxygen  transport  function  and  the  red  cell  2,3  DPG  level  was  apprec1ate< 
More  recently.  Investigators  have  realized  the  Importance  of  the  oxygen 
delivering  capacity  of  transfused  red  cells  during  the  first  4 hours  after 
transfusion.  Red  cells  that  have  low  2,3  DPG  levels  and  Increased  affinity  for 
oxygen  will  Increase  the  cardiac  output  and/or  decrease  the  venous  PO2  for  4 
hours  after  transfusion. 

CPO-preserved  red  cells  are  more  likely  to  have  normal  oxygen  transport  than 
are  ACD-preserved  red  cells.  During  storage  at  4 C the  oxygen  transport  functic 
of  CPD  red  cells  Is  maintained  by  purine  nucleoside  supplementation,  and  during 
freeze-preservation  It  Is  maintained  with  glycerol  A By  modifying  the  red  cell 
biochemistry  before  freeze-preservation.  It  Is  pos^le  to  prepare  viable  red 
cells  with  2,3  DPG  levels  that  are  1-1/2  to  2 times  pormal  and  have  decreased 
affinity  for  oxygen.  Such  red  cells  have  acceptable  posttransfusion  survival 
and  greater  oxygen-releasing  capacity  for  at  least  72' hours  after  transfusion. 
The  well-being  of  certain  patients  may  be  placed  In  jeopardy  If  they  are  given 
preserved  red  cells  that  have  Increased  affinity  for  oxygen,  since  the  patient 
may  not  be  able  to  meet  the  accompanying  demand  for  Increased  blood  flow,  and 
the  venous  oxygen  tension  may  fall  to  a critical  level .\  Clearly,  patients  In 
hemorrhagic  and  septic  shock,  those  subjected  to  extraci^poreal  circulation 
during  cardiac  surgery,  and  anemic  patients  with  myocardial  or  cerebrovascular 
Insufficiency  can  be  handled  most  efficaciously  by  treating  them  with  red  cells 
that  have  2,3  DPG  levels  that  are  either  normal  or  about  |:w1ce  normal. 
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